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+\EULGDGGLWLYHPDQXIDFWXULQJRI'HOHFWURQLFV\VWHPV
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7:DVOH\771JX\HQ9'7D-6KHSKDUG-6WULQJHU36PLWK((VHQWXUN
&&RQQDXJKWRQDQG5.D\
:ROIVRQ6FKRRORI0HFKDQLFDODQG0DQXIDFWXULQJ(QJLQHHULQJ/RXJKERURXJK8QLYHUVLW\
/RXJKERURXJK/HLFHVWHUVKLUH/(788.
,QVWLWXWHIRU3KRWRQLF	4XDQWXP6FLHQFHV+HULRW:DWW8QLYHUVLW\(GLQEXUJK(+$6
8.
'HSDUWPHQWRI0HFKDQLFDO(QJLQHHULQJ8QLYHUVLW\RI6KHIILHOG6KHIILHOG65+8.
:DUZLFN0DWKHPDWLFV,QVWLWXWH8QLYHUVLW\RI:DUZLFN&RYHQWU\&9$/8.
(PDLO-/L#OERURDFXN
$EVWUDFW
$ QRYHO K\EULG DGGLWLYH PDQXIDFWXULQJ $0 WHFKQRORJ\ FRPELQLQJ GLJLWDO OLJKW SURMHFWLRQ
'/3VWHUHROLWKRJUDSK\6/ZLWK'PLFURGLVSHQVLQJDORQJVLGHFRQYHQWLRQDOVXUIDFHPRXQW
SDFNDJLQJ LV SUHVHQWHG LQ WKLV ZRUN 7KLV WHFKQRORJ\ RYHUFRPHV WKH LQKHUHQW OLPLWDWLRQV RI
LQGLYLGXDO$0SURFHVVHVDQGLQWHJUDWHVVHDPOHVVO\ZLWKFRQYHQWLRQDOSDFNDJLQJSURFHVVHVWR
HQDEOH WKH GHSRVLWLRQ RI PXOWLSOH PDWHULDOV 7KLV IDFLOLWDWHV WKH FUHDWLRQ RI EHVSRNH HQGXVH
SURGXFWV ZLWK FRPSOH[ WKUHHGLPHQVLRQDO JHRPHWU\ DQG PXOWLOD\HU HPEHGGHG HOHFWURQLF
V\VWHPV 7KURXJK D FRPELQDWLRQ RI IRXUSRLQW SUREH PHDVXUHPHQW DQG QRQFRQWDFW IRFXV
YDULDWLRQPLFURVFRS\ LWZDV LGHQWLILHG WKDW WKHUHZDVQRREYLRXV DGYHUVH HIIHFWRI'/36/
HPEHGGLQJ SURFHVV RQ WKH HOHFWULFDO FRQGXFWLYLW\ RI SULQWHG FRQGXFWRUV 7KH UHVLVWLYLW\
PDLQWDLQHGWREHOHVVWKDQîȍāFPEHIRUHDQGDIWHU'/36/HPEHGGLQJZKHQFXUHGDW
&IRUKRXU7KHPHFKDQLFDOVWUHQJWKRI6/VSHFLPHQVZLWKWKLFNSRO\PHUL]HGOD\HUVZDV
DOVRLGHQWLILHGWKURXJKWHQVLOHWHVWLQJ,WZDVIRXQGWKDWWKHSRO\PHUL]DWLRQWKLFNQHVVVKRXOGEH
PLQLPLVHGOHVVWKDQPPWRPD[LPLVHWKHERQGLQJVWUHQJWK$VDGHPRQVWUDWRUDSRO\PHU
S\UDPLGZLWKHPEHGGHGWULSOHOD\HU/('EOLQNLQJFLUFXLWU\ZDVVXFFHVVIXOO\IDEULFDWHGWR
SURYHWKHWHFKQLFDOYLDELOLW\
,QWURGXFWLRQ
7UDGLWLRQDOHOHFWURQLFVV\VWHPVDUHXVXDOO\IDEULFDWHGYLDSULQWHGFLUFXLWERDUGV3&%VZKLFKSURYLGH
ERWK WKH HOHFWULFDO LQWHUFRQQHFWLRQV EHWZHHQ HOHFWURQLF FRPSRQHQWV DQG WKH SK\VLFDO VWUXFWXUHV IRU
PRXQWLQJ WKH FRPSRQHQWV >@ 1RZDGD\V PDQ\ DSSOLFDWLRQV LQ SDUWLFXODU DXWRPRWLYH LQGXVWULDO

7KHVHDXWKRUVFRQWULEXWHGHTXDOO\WRWKLVZRUN
$XWKRUWRZKRPDQ\FRUUHVSRQGHQFHVKRXOGEHDGGUHVVHG
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V\VWHPV PHGLFDO GHYLFHV FRQVXPHU JRRGV DQG DHURVSDFH UHTXLUH KLJK YDOXH RQGHPDQG IXOO\
IXQFWLRQDO HOHFWURPHFKDQLFDO SURGXFWV ZLWK FRPSOH[ WKUHHGLPHQVLRQDO VWUXFWXUHV ZKLFK FUHDWHV
FKDOOHQJHVLQWKHSURGXFWLRQRIWUDGLWLRQDO3&%EDVHGHOHFWURQLFV'XHWRWKHPDQXIDFWXULQJIOH[LELOLW\
K\EULG DGGLWLYH PDQXIDFWXULQJ $0 WHFKQRORJ\ KDV EHHQ KDLOHG WR EH D SRWHQWLDO VROXWLRQ IRU WKLV
SXUSRVH>@
7RGDWHPRVW LQGLYLGXDO$0SURFHVVHVDUHJHQHUDOO\UHVWULFWHGWRRQHPDWHULDOFODVVDQGDVDUHVXOW
XQDEOHWRGHSRVLWGLIIHUHQWIXQFWLRQDOPDWHULDOVZLWKLQRQHOD\HU,QRUGHUWRSURGXFHFRPSOH[PXOWL
PDWHULDO WKUHHGLPHQVLRQDO ' VWUXFWXUHV ZLWK HPEHGGHG HOHFWURQLFV D K\EULG $0 WHFKQRORJ\ RI
FRXSOLQJ GLIIHUHQW GLJLWDOO\ GULYHQ SURFHVVHV LV WKHUHIRUH QHFHVVDU\ 7KLV ZRXOG WKHUHE\ DOORZ WKH
FUHDWLRQRIQRYHOKLJKYDOXHEHVSRNHHQGXVHSURGXFWVZLWKLQWULFDWHIHDWXUHVZKHUHWKHFRPSOH[LW\
RIWKHJHRPHWU\RUWKHLQWHJUDWLRQRIHPEHGGHGHOHFWURQLFVGRHVQRWQHFHVVDULO\DIIHFWWKHSDUW¶VDELOLW\
WREHPDQXIDFWXUHGFRVWHIIHFWLYHO\
$V HDUO\ DV  UHVHDUFK KDV EHHQ XQGHUWDNHQ WR H[SORUH WKH IHDVLELOLW\ RI EXLOGLQJ ' HQGXVH
SURGXFWVZLWKHPEHGGHGIXQFWLRQDOFRPSRQHQWVXVLQJVKDSHGHSRVLWLRQPDQXIDFWXULQJ6'0>±@
.DWDULDHWDOILUVWSURSRVHGDPHWKRGIRUUHDOLVLQJFRPSOH[GHYLFHVZLWKHPEHGGHGIXQFWLRQDOLQVHUWV
LQVWHUHROLWKRJUDSK\6/>@:LFNHU¶VJURXSDW8QLYHUVLW\RI7H[DVDW(O3DVRLQWURGXFHGDK\EULG$0
WHFKQRORJ\LQWHJUDWLQJGLVSHQVLQJDSSDUDWXVLQWRDWRSGRZQH[SRVXUHVWHUHROLWKRJUDSK\6/V\VWHP
7KLVWHFKQRORJ\HQDEOHGWKHLQWHJUDWLRQRIGLUHFWZULWWHQFLUFXLWULHVRQWRWKHVXUIDFHRIDQ6/IDEULFDWHG
'VWUXFWXUHVDQGWKHFUHDWLRQRIDVHULHVRI'HOHFWURQLFV\VWHPV>±@7KH\IXUWKHUH[SDQGHGWKLV
FRQFHSWWRIXVHGGHSRVLWLRQPRGHOOLQJ)'0DQGEXLOWD'FLUFXLWERDUGIRUD&XEH6DWVDWHOOLWH>@
$)DE#+RPHV\VWHPDQRSHQVRXUFH$0PDFKLQHEDVHGRQDPXOWLPDWHULDOGLVSHQVLQJSURFHVVZDV
GHYHORSHGE\0DORQHHWDODQG3HULDUGHWDOIRUIDEULFDWLQJPXOWLPDWHULDOHOHFWURQLFGHYLFHV>±@
6DQFKH]5RPDJXHUDHWDOXVHGPXOWLPDWHULDOLQNMHWSULQWLQJWRJHQHUDWH'HOHFWURQLFFURVVRYHUVDQG
LQWHUFRQQHFWLRQV>@
,QRUGHUWRDFKLHYHILQHHOHFWURQLFVWUXFWXUHVaȝP>@DHURVROMHWWLQJZDVDGRSWHGLQVRPHK\EULG
$0WHFKQRORJLHV6WUDWDV\VDQG2SWRPHFXVHGDHURVROMHWWLQJWRPDNHFLUFXLWVVHQVRUVDQGDQWHQQDV
RQWRDQ8QPDQQHG$HULDO9HKLFOH8$9VWUXFWXUHZKLFKZDVSULQWHGE\WKH)'0SURFHVV>@6LPLODU
WHFKQRORJ\ZDV DOVR WHVWHGE\9RJHOHU HW DO IRU SULQWLQJ LQWHUFRQQHFWLRQVRQ)'0VXEVWUDWHV >@
&KDQJHWDOLQWHJUDWHGDHURVROMHWWHGVWUDLQVHQVRULQWR'SDUWVPDGHE\3RO\-HWSURFHVV>@
%HVLGHVSRO\PHUEDVHGWHFKQRORJLHVRWKHU$0WHFKQRORJLHVKDYHDOVREHHQH[SORUHGWRUHDOLVHK\EULG
$05RELQVRQHWDO>@6LJJDUGHWDO>@DQG/LHWDO>@UHSRUWHGHPEHGGLQJHOHFWURQLFVZLWKLQ
'PHWDOVWUXFWXUHVPDGHE\XOWUDVRQLFFRQVROLGDWLRQ-RKDQGHUHWDOGHVFULEHGWKHXVHRILQNMHWSURFHVV
WRPDNHFLUFXLWULHVLQ'SULQWHGFHUDPLFSDUWV>@
$VVXPPDULVHGDERYHPRVWFXUUHQWK\EULG$0WHFKQRORJLHVKDYHEHHQUHDOLVHGE\LQWHJUDWLQJHVVHQWLDO
$0SURFHVVHVXVHGWRIDEULFDWHWKHPDWULFHVRIWKH'SDUWVZLWK'LUHFW:ULWLQJ':SURFHVVIRUWKH
SULQWLQJ HOHFWURQLF VWUXFWXUHV ': HQFRPSDVVHV D QXPEHU RI SURFHVVHV LQFOXGLQJ LQNMHW SULQWLQJ
GLVSHQVLQJDHURVROMHWWLQJHWFDQGLVFDSDEOHRISULQWLQJHOHFWURQLFVWUXFWXUHVFRQGXFWRUVLQVXODWRUV
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FDSDFLWRUVDQWHQQDVHWFGLUHFWIURPDFRPSXWHUILOHZLWKRXWDQ\WRROLQJRUPDVN>@7KHIHDWXUHVRI
W\SLFDOHVVHQWLDO$0SURFHVVHVFRPELQHGZLWK':SURFHVVHVDUHVWDWHGDQGFRPSDUHGLQWDEOH
7DEOH  $GYDQWDJHV DQG GLVDGYDQWDJHV RI W\SLFDO HVVHQWLDO $0 SURFHVVHV XVHG LQ K\EULG $0
WHFKQRORJLHV
(VVHQWLDO$0
SURFHVV
':SURFHVV
FRPELQHG
([DPSOHVRI
K\EULG$0
WHFKQRORJLHV
$GYDQWDJHV 'LVDGYDQWDJHV
)XVHGGHSRVLWLRQ
PRGHOOLQJ)'0
'LVSHQVLQJ
DQGDHURVRO
MHWWLQJ
>@ :LGHUDQJHRI)'0
PDWHULDOVORZFRVWRI
)'0SURFHVV
5HVROXWLRQOLPLWHGE\WKH
)'0QR]]OHRULILFH
GLDPHWHUaȝP
GLIILFXOWWRHPEHGSDUWV
GXHWRORZGHSRVLWLRQ
KHLJKW
6WHUHROLWKRJUDSK\
6/
'LVSHQVLQJ >±@ +LJKUHVROXWLRQRI6/XS
WRȝPLQ;DQG<D[LV
>@ORZSURFHVVLQJ
WHPSHUDWXUH
/LPLWHGPDWHULDOVHOHFWLRQ
DQGKLJKPDWHULDOFRVWRI
6/
0DWHULDOMHWWLQJ
3RO\MHW
$HURVRO
MHWWLQJ

>@ +LJKUHVROXWLRQaȝP
LQ;DQG<D[LVIRU
3RO\MHWORZSURFHVVLQJ
WHPSHUDWXUH
/LPLWHGPDWHULDOVHOHFWLRQ
DQGKLJKPDWHULDOFRVWRI
3RO\MHWGLIILFXOWWRHPEHG
SDUWVGXHWRORZMHWWLQJ
KHLJKW
6HOHFWLYH/DVHU
6LQWHULQJ6/6
$HURVRO
MHWWLQJDQG
GLVSHQVLQJ
>@ 1RQHHGIRUVXSSRUW
VWUXFWXUHPXOWLSOHREMHFWV
IDEULFDWLRQLQRQHEXLOG
SURFHVVGXHWR³QHVWLQJ´
HIIHFWRISRZGHUEHG
/RZUHVROXWLRQOLPLWHG
6/6PDWHULDOVKLJK
SURFHVVLQJWHPSHUDWXUHRI
SRZGHUVLQWHULQJQRW
HDVLO\FRPSDWLEOHZLWK
HPEHGGHGHOHFWURQLFV
8OWUDVRQLF
FRQVROLGDWLRQ8&
'LVSHQVLQJ >@ 0HWDOSDUWIDEULFDWLRQ
K\EULGZLWK&1&
PDFKLQLQJORZSURFHVVLQJ
WHPSHUDWXUH
/RZUHVROXWLRQKLJK
PDWHULDOZDVWDJHGXHWR
K\EULGZLWKDVXEWUDFWLRQ
DSSURDFK

%DVHGRQWDEOHLWFDQEHFRQFOXGHGWKDW6/SURFHVVSURYLGHVKLJKUHVROXWLRQDQGEHWWHUFRPSDWLELOLW\
IRU WKH LQWHJUDWLRQ RI HOHFWURQLF VWUXFWXUHV FRPSDUHG ZLWK RWKHU $0 SURFHVVHV 7KXV 6/ KDV EHHQ
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DGRSWHGE\PDQ\UHVHDUFKHUVLQK\EULG$0WHFKQRORJLHV7KHPDMRULW\RI6/SURFHVVHVFXUUHQWO\XVHG
DUHYHFWRUVFDQEDVHG³WRSGRZQ´V\VWHPVILJXUH7KHPDWUL[RI WKH'HOHFWURQLFV\VWHPVZHUH
IDEULFDWHGE\VHOHFWLYHO\ ODVHUFXULQJOLTXLGSKRWRSRO\PHU LQDYDW OD\HUE\OD\HUZKLFKDOORZVWKH
IDEULFDWLRQRIJHRPHWULFDOO\FRPSOH[SURGXFWVDWDKLJKUHVROXWLRQDQGIDVWEXLOGWLPHGXHWRLWVZRUNLQJ
SULQFLSOHRISKRWRSRO\PHUL]DWLRQ+RZHYHUYHFWRUVFDQEDVHG³WRSGRZQ´6/SURFHVVEXLOGVWKHSDUWV
IURPWKHWRSGRZQZDUGVDQGUHTXLUHVDUHFRDWLQJIXQFWLRQWRSODQDULVHWKHVXUIDFHEHIRUHH[SRVXUHWKXV
LWLVQRWVXLWDEOHIRUGLUHFWHPEHGGLQJVXUIDFHPRXQWHOHFWURQLFFRPSRQHQWVZKLFKFRPPRQO\KDYHD
KHLJKW RI PP >@ 7KHUHIRUH SUHPDGH FDYLWLHV KDYH WR EH EXLOW IRU WKH FRPSRQHQWV ZKLFK PD\
DGYHUVHO\ DIIHFW WKH LQWHJULW\ RI WKH ZKROH GHYLFH DQG DUH QRW W\SLFDOO\ FRPSDWLEOH ZLWK PRVW
FRQYHQWLRQDO SLFN DQG SODFH PDFKLQHV ,Q DGGLWLRQDO ': SURFHVVHV DUH W\SLFDOO\ UHVWULFWHG WR '
SULQWLQJRIFRQGXFWLYHIHDWXUHVDQGWKXVWKHYHUWLFDOLQWHUFRQQHFWVEHWZHHQSDUDOOHOFLUFXLW\OD\HUVKDG
WREHFUHDWHGE\ILOOLQJSUHIDEULFDWHGFDYLWLHVZLWKORZYLVFRVLW\FRQGXFWLYHPDWHULDO>@7KLVPHWKRG
FUHDWHGWKHSRWHQWLDOIRUEXEEOHVDQGVKRUWVZLWKLQWKHFRQGXFWRUVDQGUHTXLUHGDQDGGLWLRQDOWKHUPDO
FXULQJVWHS$OWHUQDWLYHO\PRVWRI VXFK LQWHUFRQQHFWVZHUH OHIWRQ WKHRXWHU VXUIDFHRI WKHSDUW >@
FDXVLQJ IUDFWXUHV RQ WKH YXOQHUDEOH FRQGXFWRUV DQG LQKLELWLQJ WKHJHQHUDWLRQ RI FRPSOH[ PXOWLOD\HU
HOHFWURQLFFLUFXLWV

)LJXUH:RUNLQJSULQFLSOHRIWKHODVHUEDVHG³WRSGRZQ´6/SURFHVVDDQG³ERWWRPXS´'/3
6/SURFHVVE

7KLVZRUNLQWURGXFHVDK\EULG$0WHFKQRORJ\FRPELQLQJ³ERWWRPXS´GLJLWDOOLJKWSURMHFWLRQ'/3
6/SURFHVVILJXUHEDQGD'PLFURGLVSHQVLQJSURFHVVIRUWKHIDEULFDWLRQRI'HOHFWURQLFV\VWHPV
7KLVWHFKQRORJ\DOORZVWKHGLUHFWHPEHGGLQJRIGLVSHQVHGFLUFXLW\DQGWKHORZWHPSHUDWXUHDVVHPEO\
DQG SDFNDJLQJ RI HOHFWURQLF FRPSRQHQWV ZLWKLQ D WKLFN SRO\PHUL]HG OD\HU ,QQRYDWLYH YHUWLFDO
FRQGXFWLYH SLOODUV ZHUH FUHDWHG XVLQJ ' PLFURGLVSHQVLQJ SURFHVV RI KLJKO\ YLVFRXV PDWHULDOV WR
SURYLGH UHOLDEOH LQWHUFRQQHFWLRQVEHWZHHQQHLJKERXULQJFLUFXLWU\ OD\HUV7KHHIIHFWVRI WKH'/36/
HPEHGGLQJRQWKHHOHFWULFDOSHUIRUPDQFHRISULQWHGFRQGXFWRUZHUHV\VWHPDWLFDOO\LQYHVWLJDWHGYLDIRXU
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SRLQWSUREHPHDVXUHPHQWDQGQRQFRQWDFWIRFXVYDULDWLRQPLFURVFRS\7KHPHFKDQLFDOVWUHQJWKRI6/
VSHFLPHQ ZLWK WKH WKLFN SRO\PHUL]HG OD\HUV ZDV WKHQ H[SORUHG WKURXJK WHQVLOH WHVWLQJ  $ S\UDPLG
GHPRQVWUDWRUHPEHGGHGZLWKWULSOHOD\HU/('EOLQNLQJFLUFXLWU\ZDVILQDOO\IDEULFDWHGWRSURYHWKH
IHDVLELOLW\RIWKLVWHFKQRORJ\
)DEULFDWLRQSURFHVV
2.1. Process chain 
)LJXUHGHPRQVWUDWHVWKHSURFHVVFKDLQIRUEXLOGLQJ'HOHFWURQLFV\VWHPVILUVWO\D³ERWWRPXS´'/3
6/'SULQWHULVXVHGWRPDNHWKHEDVHVXEVWUDWHRIWKH'HOHFWURQLFV\VWHP$QH[WHULRUZDOOLVEXLOW
WRSURYLGHWKHH[WHUQDOJHRPHWU\DQGFRQWDLQWKHHQWLUHOD\HURIHOHFWURQLFVZLWKLQDEXLOGFDYLW\%RWK
WKHEDVHVXEVWUDWHDQGWKHH[WHULRUZDOODUHIDEULFDWHGWKURXJKWKHVWDQGDUG'/36/IDEULFDWLRQSURFHVV
DQGWKXVWKHFRPSOH[JHRPHWULFGHWDLOVRIWKHSDFNDJHFRXOGEHPDLQWDLQHG7KHUHVLQVXEVWUDWHLVWKHQ
FOHDQHGLQDQXOWUDVRQLFEDWKFRQWDLQLQJLVRSURSDQROWRUHPRYHDQ\XQFXUHGUHVLQUHVLGXH$IWHUWKLV
VWHSWKHSDUWLVDOLJQHGDQGVLOYHU(OHFWULFDOO\&RQGXFWLYH$GKHVLYH(&$LVSULQWHGRQWKH6/VXEVWUDWH
WRUHDOLVHHOHFWULFDOFLUFXLWU\E\DGLVSHQVLQJURERW'SULQWHGFRQGXFWLYHSLOODUVDUHVLPXOWDQHRXVO\
GHSRVLWHG ZLWK WKH FLUFXLWU\ WR JHQHUDWH YHUWLFDO HOHFWULFDO FRQQHFWLRQ EHWZHHQ DGMDFHQW OD\HUV RI
FLUFXLWU\7KHFRPSRQHQWLQWHUFRQQHFWVDUHDOVRSULQWHGDWWKLVVWDJH1H[WVXUIDFHPRXQWGHYLFH60'
FRPSRQHQWVDUHSODFHGRQWR WKH LQWHUFRQQHFWVDQGWKHZKROHVWUXFWXUH LVSODFHGLQWRDQRYHQDW ORZ
WHPSHUDWXUH WR WKHUPDOO\FXUH WKH(&$ZLWKRXWGDPDJLQJWKHSKRWRSRO\PHUVXEVWUDWH7KH'/36/
SURFHVVLVWKHQHPSOR\HGWRHPEHGWKHZKROHFLUFXLWLQFOXGLQJVLOYHUFRQGXFWRUVHOHFWURQLFFRPSRQHQWV
DQG WKHSLOODUVZLWKLQ WKHVDPH UHVLQ OD\HU5HSHDWLQJVWHS E± H D'SULQWHG VWUXFWXUHZLWKDQ
HPEHGGHG PXOWLSOHOD\HU HOHFWURQLF V\VWHP FDQ EH EXLOW )LQDOO\ WKH ZKROH VWUXFWXUH LV 89 SRVW
SURFHVVHGWRFRPSOHWHWKHFURVVOLQNLQJRIWKH6/UHVLQ
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)LJXUH3URFHVVFKDLQRIWKHK\EULG$0WHFKQRORJ\IRUIDEULFDWLQJ'HOHFWURQLFV\VWHP

2.2. DLP SLA process 
'/36WHUHROLWKRJUDSK\ZDVHPSOR\HGIRUWKHSRO\PHUPDWUL[IDEULFDWLRQDQGHOHFWURQLFVHPEHGGLQJLQ
WKLVZRUN ILJXUHE7KLV WHFKQLTXHXVHVDGLJLWDOPLFURPLUURUGHYLFH '0'DVDKLJKUHVROXWLRQ
G\QDPLFPDVNIRULPDJLQJOD\HUVLQ6/DSSOLFDWLRQV>±@7KLVPHWKRGGLIIHUVIURPYHFWRUVFDQ
EDVHG6/SUHYLRXVO\XVHG LQ WKH IDEULFDWLRQRI'HOHFWURQLFV\VWHPVDV WKHSKRWRSRO\PHUL]DWLRQ LV
DFKLHYHGE\VHOHFWLYHO\H[SRVLQJDFRPSOHWHOD\HURISKRWRVHQVLWLYHUHVLQWRDVWDWLFSURMHFWHGLPDJHIRU
DSUHGHWHUPLQHGSHULRGRIWLPHUDWKHUWKDQWUDFLQJRXWWKHSDWWHUQLQDVHTXHQWLDOPDQQHUXVLQJDODVHU
7KXVZLWKVXLWDEOHVRXUFHLQWHQVLW\'/36/FDQSURYLGHIDVWHUEXLOGVSHHGV,QDGGLWLRQWKHSURMHFWRU
FDQHDVLO\EHPRYHGXSRUGRZQWRDGMXVWWKHUHVROXWLRQRIWKHSURMHFWHGLPDJHZKLOHODVHU6/QRUPDOO\
KDVDVHWQXPEHURIODVHUVSRWVL]HV:LWKDKLJKUHVROXWLRQ'0'LQFRPELQDWLRQZLWKDEHVSRNHOHQV
DUUD\'/3SULQWHUVFDQSURGXFHD;<UHVROXWLRQRIP>@7KLVWKHUHIRUHPDNHV'/3'SULQWLQJ
KLJKO\DFFXUDWHDQGYHUVDWLOH0RUHRYHUXQOLNH ODVHU6/'/3GRHVQRWQHHGPXOWLSOHPRYLQJSDUWV
VXFK DV;<D[LV VWHSSHUPRWRUVRU DJDOYDQRPHWHU IRU ODVHUEHDPVFDQQLQJ7KLVPDNHV'/36/
FKHDSHUDQGUHVXOWVLQJUHDWHUUHOLDELOLW\DQGHDVLHUPDLQWHQDQFH
$QXOWUDYLROHW89SURMHFWLRQV\VWHPZDVSRVLWLRQHGXQGHUQHDWKDYDWZLWKDWUDQVSDUHQWEDVHZLWK
WKHSURMHFWLRQOHQVIRFXVHGRQWRWKHFHQWUHRIWKHYDW7KHWKLFNQHVVRIWKHSKRWRSRO\PHUOD\HUEHWZHHQ
WKHEXLOGSODWIRUPDQGWKHYDWFDQWKHQEHVHWDQGH[SRVHG$VWKH³ERWWRPXS´EXLOGRULHQWDWLRQZDV
XVHGLQWKLVZRUNSDUWVDUHFUHDWHGXSVLGHGRZQ7KLVPHWKRGHQDEOHVWKHGLUHFWHPEHGGLQJRISULQWHG
FLUFXLWU\WRJHWKHUZLWKHOHFWURQLFFRPSRQHQWVLQDVDPHSRO\PHUL]HGOD\HUILJXUHH0RUHRYHUWKH
UHVLQVXEVWUDWHSURGXFHGLQWKLVZD\H[KLELWHGVPRRWKHUVXUIDFHILQLVKDVLWZDVSRO\PHUL]HGLQFRQWDFW
Page 6 of 22AUTHOR SUBMITTED MANUSCRIPT - JMM-102275.R1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
ZLWKWKHEDVHRIWKHYDW>@ZKLFKZDVGHVLUDEOHIRUWKHGLVSHQVLQJRI(&$V,QDGGLWLRQDVKDOORZYDW
ZLWKDYHU\VPDOOYROXPHRIUHVLQLVUHTXLUHGSURYLGLQJWKHGHSWKRIWKHUHVLQH[FHHGVWKHSUHGHWHUPLQHG
OD\HUWKLFNQHVV
7KH'/36/V\VWHPXVHGLQWKLVZRUNZDVDPRGLILHGP89H'/3SULQWHUIURPP89H'7KH
RULJLQDOZKLWHOLJKWSURMHFWRUZDVUHSODFHGE\D'/3/LJKWFUDIWHUSURMHFWLRQPRGXOHIURP7H[DV
,QVWUXPHQWV 7KLV SURMHFWRU SURYLGHV D QP XOWUDYLROHW 89 /(' OLJKW VRXUFH ZKLFK FRYHUV WKH
VHQVLWLYHZDYHOHQJWKRIDYDULHW\RIFRPPHUFLDOSKRWRSRO\PHUV7KHPDFKLQHZDVFRQILJXUHGWRKDYH
DPPîPPZRUNLQJDUHDUHVXOWLQJLQDPLQLPXPUHVROXWLRQRIaP$IXUWKHUUHGXFWLRQ
LQSURMHFWLRQDUHDZRXOGUHTXLUHDGLIIHUHQWVHWRIRSWLFVIRUWKHSURMHFWLRQOHQVWRJLYHDVPDOOHUIRFDO
DUHD:LWKDOWHUHGRSWLFVRUDKLJKHUUHVROXWLRQ'/3SURMHFWRUHJ'/3/LJKWFUDIWHUIURP7H[DV
,QVWUXPHQWV WKH UHVROXWLRQ FRXOG EH IXUWKHU UHGXFHG KRZHYHU IRU SURYLQJ WHFKQLFDO IHDVLELOLW\ WKH
FXUUHQWUHVROXWLRQLVIXQFWLRQDO
$YDULHW\RIFDQGLGDWHUHVLQVZHUHWHVWHGLQWKHSUHOLPLQDU\H[SHULPHQWV$FOHDUDFU\OLFEDVHGUHVLQ
VHQVLWLYHWRQPZDYHOHQJWKOLJKWZDVIRXQGWREHWKHEHVWILWIRUWKLVZRUNGXHWRWZRUHDVRQVILUVWO\
WKHUHVLGXDOVWUHVVLQWKHIDEULFDWHGVWUXFWXUHZDVORZDIWHU89H[SRVXUHDQGWKHUPDOWUHDWPHQWWKXV
WKHUHZDVQRREYLRXVGHIRUPDWLRQLQWKHILQLVKHGVDPSOHVHFRQGO\LWVJODVVWUDQVLWLRQWHPSHUDWXUH7J
DIWHUSRO\PHUL]DWLRQZDVXS WR Û&PXFKKLJKHU WKDQRWKHUFDQGLGDWHV¶&RQVHTXHQWO\DKLJKHU
WHPSHUDWXUH FRXOG EH XVHG LQ WKH WKHUPDO FXULQJ RI SULQWHG (&$V WR DFKLHYH VXSHULRU HOHFWULFDO
FRQGXFWLYLW\
2.3. Cleaning module 
$IWHUWKHVXEVWUDWHIDEULFDWLRQILJXUHDRUWKHFLUFXLWU\HPEHGGLQJILJXUHHDQXOWUDVRQLFDJLWDWLRQ
FOHDQLQJVWDJHZDVFRQGXFWHGWRUHPRYHDQ\XQFXUHGUHVLQIURPWKHSDUWVEHIRUHWKHSDUWVZHUHGULHG
XVLQJDKLJKSUHVVXUHVRXUFHRIFOHDQGU\DLUWRGU\WKHVXUIDFH,VRSURSDQROZDVVHOHFWHGDVWKHULQVH
PHGLXPGXHWRQRREYLRXVGHJUDGDWLRQRUGDPDJHEHLQJIRXQGRQWKHUHVLQVXEVWUDWHDIWHUFOHDQLQJ
2.4. Dispensing process 
7KHGLVSHQVLQJSURFHVVLVRQHRIDYDULHW\RIGLUHFWZULWLQJ':WHFKQRORJLHVE\ZKLFKDZLGHUDQJH
RI IXQFWLRQDO DQGRU VWUXFWXUDO SDVWH PDWHULDOV SRO\PHU FHUDPLF DQG PHWDOOLF FDQ EH SUHFLVHO\
GHSRVLWHGRQWRDVXEVWUDWHLQDGLJLWDOO\GHILQHGZD\>@%\FRPELQLQJDODVHUSRVLWLRQLQJIHHGEDFN
V\VWHPDQGDOLJQPHQWFDPHUDWKHGLVSHQVLQJSURFHVVDOORZHGSUHFLVHFRQIRUPDOGHSRVLWLRQRQXQHYHQ
VXEVWUDWHVWKHUHIRUHLGHDOIRUSULQWLQJPXOWLOD\HUFLUFXLWU\
2.4.1 Dispensing equipment 
$ 0XVDVKL 6KRWPDVWHU  GLVSHQVLQJ V\VWHP ZDV XVHG WR GLVSHQVH WKH FLUFXLWU\ 7KLV V\VWHP LV
FRPSULVHG RI ILYH PDLQ SDUWV D D[LV &1& URXWHU D FRPSXWHU FRQWUROOHU D GLJLWDOO\ FRQWUROOHG
GLVSHQVHU D V\ULQJH FRQQHFWHG ZLWK D SQHXPDWLF GULYHQ SXPS DQ DOLJQPHQW FDPHUD DQG D ODVHU
SRVLWLRQLQJ IHHGEDFN V\VWHP  7R HQDEOH GLVSHQVLQJ WKH SDWWHUQ RI FLUFXLW\ZDV ILUVW GHVLJQHG ZLWK
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0X&$',9VRIWZDUHUHODWLYHWRDSUHGHILQHGRULJLQDQGWKH(&$ZDVORDGHGLQWRDV\ULQJH7KHQWKH
FDPHUDZDVXVHGWRLGHQWLI\ILGXFLDOPDUNVRQWKHVXEVWUDWHIRUDOLJQPHQW6XEVHTXHQWO\DODVHUZDV
XVHGWRVFDQWKHWRSVXUIDFHIROORZLQJWKHGHVLJQHGQR]]OHSDWKWRREWDLQWKHVXUIDFHPRUSKRORJ\7KLV
PRUSKRORJ\GDWDDOORZVDXWRPDWHGDGMXVWPHQWRIWKHQR]]OHKHLJKWWRPDLQWDLQDFRQVWDQWSULQWJDSE\
DFFRPPRGDWLQJDQ\XQHYHQQHVVLQVXEVWUDWHVXUIDFH)LQDOO\WKHSDWWHUQRIFLUFXLWU\ZDVDXWRPDWLFDOO\
GLVSHQVHGRQWRWKHVXEVWUDWH7KHSQHXPDWLFSUHVVXUHIRU(&$H[WUXVLRQZDVSURGXFHGE\WKH0XVDVKL
6XSHUȈ&0,,GLJLWDOFRQWUROGLVSHQVHU,WSURYLGHVDZLGHUDQJHRISUHVVXUHIURPN3DWRN3D
IDFLOLWDWLQJWKHSULQWLQJRIWKHKLJKYLVFRVLW\KHDYLO\ORDGHGVLOYHU(&$VWRSURGXFHFRQGXFWLYHWUDFHV
DQGLQWHUFRQQHFWVXSWR3DV>@7KH&1&URXWHULVGLJLWDOO\GULYHQHQDEOLQJKLJKSRVLWLRQLQJ
DFFXUDF\PDQGIDVWSULQWLQJVSHHGPPVPPV
7KHTXDOLW\RISULQWHGFLUFXLWU\ZDVKLJKO\GHSHQGHQWRQILYHSDUDPHWHUVYLVFRVLW\RIWKHGLVSHQVHG
PDWHULDOLQQHUGLDPHWHU,'RIWKHGLVSHQVLQJQR]]OHH[WUXVLRQSUHVVXUHSULQWVSHHGRIWKH
QR]]OHDQGGLVSHQVLQJJDSGLVWDQFHIURPWKHWLSRIQR]]OHWRWKHVXEVWUDWH)RUWKH(&$VXVHGLQ
WKLVZRUNWKHSRWOLIHZDVPRUHWKDQKRXUVVRWKHYLVFRVLW\FRXOGEHUHJDUGHGDVFRQVWDQWGXULQJWKH
GLVSHQVLQJSURFHVV7RDYRLGDQ\SRWHQWLDOFORJJLQJDVWDLQOHVVVWHHOKLJKSUHFLVLRQQR]]OHZLWKWKH,'
RIPZDVVHOHFWHGVLQFHWKHRULILFHLVDWOHDVWWLPHVODUJHUWKDQWKHPD[LPXPSDUWLFOHVL]HRIWKH
(&$ a P :KHQ WKH YLVFRVLW\ DQG QR]]OH ,' ZHUH GHWHUPLQHG WKH SUHVVXUH SULQW VSHHG DQG
GLVSHQVLQJ KHLJKW ZHUH V\VWHPDWLFDOO\ LQYHVWLJDWHG WR DFKLHYH WKH RSWLPDO IHDWXUHV IRU WKH GHVLJQHG
FLUFXLWU\DVFRYHUHGLQVHFWLRQ
2.4.2 Dispensing materials 
7ZRVLOYHUILOOHG(&$VZHUHVHOHFWHGDVWKHFRQGXFWLYHPDWHULDOVIRUWKHSULQWHGFLUFXLWU\VLQFHWKH\
FRXOGEHWKHUPDOO\FXUHGDWWHPSHUDWXUHVEHORZ&WDEOH>@7KLVPDGHWKHPFRPSDWLEOH
ZLWKWKH6/UHVLQPDWUL[ZKLFKLWVHOISRVVHVVHVDORZJODVVWUDQVLWLRQWHPSHUDWXUH%RWK(&$VZHUH
GHVLJQHG IRU HOHFWURQLF DVVHPEO\ VR 60' FRPSRQHQWV FRXOG EH GLUHFWO\ DGKHUHG RQWR SULQWHG
FRQQHFWLQJSDGVPDNLQJDGGLWLRQDOERQGLQJPDWHULDOVXQQHFHVVDU\











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7DEOH3URGXFWSURSHUWLHVRIWZRVLOYHUILOOHG(&$V
 (327(.(- (327(.(3)&
7\SH SDUW SDUW
0L[UDWLRE\ZHLJKW  
3RWOLIH KRXUV KRXUV
9LVFRVLW\ 9LVFRVLW\#530&±F3V
9LVFRVLW\#530&
±F3V
3DUWLFOHVL]H P P
9ROXPHUHVLVWLYLW\
DWÛ& PȍFP PȍFP
&XUHFRQGLWLRQ
PLQVDW&
KRXUDW&
KRXUVDW&
GD\VDW&
KRXUDW&
KRXUVDW&
KRXUVDW&
2.4.3 Vertical pillar printing 
9HUWLFDOSLOODUVZHUHILUVWO\GHYHORSHGLQWKLVZRUNIRUUHDOL]LQJUHOLDEOHLQWHUFRQQHFWVEHWZHHQFLUFXLWU\
OD\HUV 'XH WR WKH KLJK UHVROXWLRQ RI WKH GLVSHQVLQJ HTXLSPHQW DQG KLJK YLVFRVLW\ RI WKH (&$V
IUHHVWDQGLQJSLOODUVFRXOGEHSULQWHG OD\HUE\OD\HUILJXUH7KHPD[LPXPSRWHQWLDOKHLJKWRI WKH
SLOODUZDVGHWHUPLQHGE\WKHPDWHULDOSURSHUWLHVRI WKH(&$VSDUWLFXODUO\YLVFRVLW\SLOODUVL]HDQG
GLVSHQVLQJWRROSDWK,QWKLVZRUNWKHQR]]OHSDWKXVHGZDVDFORFNZLVHVTXDUHKHOL[ZLWKPPZLGWK
)LJXUH6FKHPDWLFGLDJUDPRIFRQGXFWLYHSLOODUSULQWLQJ

([SHULPHQWDOFKDUDFWHUL]DWLRQ
7KUHHLVVXHVPXVWEHV\VWHPDWLFDOO\LQYHVWLJDWHGWRSURYHWKHIHDVLELOLW\RIWKHK\EULG$0WHFKQRORJ\
PHQWLRQHGDERYHWKHSUDFWLFDOLW\RISRO\PHUL]LQJDWKLFNOD\HUZLWK³ERWWRPXS´'/36/SURFHVV
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DQG WKH UHVXOWDQW HIIHFWV RQ PHFKDQLFDO VWUHQJWK RI WKH IDEULFDWHG FRPSRQHQWV  WKH WRSRORJ\ RI
GLVSHQVHGFRQGXFWLYHWUDFHVDQGSLOODUVDQGWKHHIIHFWVRIFXULQJFRQGXFWLRQDQG6/HPEHGGLQJRQ
WKHFRQGXFWLYLW\RIWKHVLOYHUFRQGXFWLYHPDWHULDOV
3.1. Characterisation of thick-layer polymerization 
$W\SLFDOH[SRVXUHWKLFNQHVVIRUWKH6/SURFHVVLVDURXQGPRUOHVV+RZHYHUGXHWRWKHJUHDWHU
WKLFNQHVVRI60'FRPSRQHQWVWKLFNOD\HUSRO\PHUL]DWLRQZDVUHTXLUHGLQRUGHUWRHPEHGWKHSDFNDJHG
FRPSRQHQWVDQGFLUFXLWU\7RLQYHVWLJDWHWKHSUDFWLFDOLW\RIWKLVVROXWLRQDQGLWVSRWHQWLDOHIIHFWVRQWKH
PHFKDQLFDOVWUHQJWKWKUHHW\SHVRI³GRJERQH´VKDSHVSHFLPHQVZHUHIDEULFDWHGRQWKH'/36/V\VWHP
EDVHGRQWKHGHVLJQVKRZQLQILJXUH7\SHZDVEXLOWYLDUHJXODUPWKLFNH[SRVXUHVZLWKRXW
LQWHUUXSWLRQILJXUHEZKLOHW\SHZDVLQWHUUXSWHGKDOIZD\WKURXJKIDEULFDWLRQDQGXOWUDVRQLFDOO\
FOHDQHG$VLQJOHPPOD\HUZDVWKHQSRO\PHUL]HGRQWKHKDOIILQLVKHGVSHFLPHQEHIRUHWKHUHVWRIWKH
SDUWZDVFRPSOHWHGXVLQJWKHVWDQGDUGPH[SRVXUHWKLFNQHVVILJXUHF7\SHZDVDOVRSUHSDUHG
DVWKHVDPHPDQQHUDVW\SHEXWWKHWKLFNQHVVRIPLGGOHOD\HUZDVFKDQJHGWRPPILJXUHGPP
DQGPPWKLFNOD\HUVFRXOGEHVXFFHVVIXOO\SRO\PHUL]HGXVLQJVHFRQGDQGVHFRQGH[SRVXUHV
RIWKH89'/3SURMHFWLRQV\VWHP

)LJXUH7HQVLOHWHVWLQJVSHFLPHQVDGHVLJQEW\SHZLWKVWDQGDUGPOD\HUWKLFNQHVVF
W\SHZLWKPPH[SRVXUHOD\HUDQGGW\SHZLWKPPH[SRVXUHOD\HU

)RUHDFKW\SHRIVSHFLPHQVL[VDPSOHVZHUHIDEULFDWHGDQGWHQVLOHWHVWHGXVLQJDQ,QVWURQWHQVLOH
WHVWLQJPDFKLQH7KHIUDFWXUHPRGHVRIWHVWHGVDPSOHVDUHVKRZQLQILJXUH)RUW\SHIRXUVSHFLPHQV
IUDFWXUHGDFURVVWKHOD\HULQWHUIDFHDQGWKHRWKHUWZRRQWKHOD\HULQWHUIDFHV6LPLODUUHVXOWVZHUHDOVR
IRXQGLQW\SHZKHUHWKHUDWLREHWZHHQWKHVSHFLPHQVWKDWFUDFNHGRQDQGDFURVVOD\HULQWHUIDFHZDV
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7KLVLQGLFDWHGWKDWIRUW\SHDQGVDPSOHVWKHDGKHVLYHVWUHQJWKEHWZHHQ6/OD\HUVZDVHTXLYDOHQW
WRWKHWHQVLOHVWUHQJWKRIWKHSRO\PHUL]HGUHVLQ+RZHYHURQO\WKHLQWHUIDFHIDFWXUHPRGHZDVREVHUYHG
LQ W\SH VDPSOHV UHYHDOLQJ WKHGHJUDGDWLRQRIPHFKDQLFDO VWUHQJWKRQ WKHFXULQJ LQWHUIDFHZKHQD
WKLFNHUHPEHGGLQJOD\HUZDVXVHG

)LJXUH)UDFWXUHPRGHVRIWKHVSHFLPHQVGXULQJWHQVLOHWHVWLQJ

7KH PD[LPXP WHQVLOH ORDGV RI DOO WKUHH W\SHV RI VSHFLPHQV DUH SORWWHG LQ ILJXUH  7KH DYHUDJH
PD[LPXPWHQVLOHORDGRI7\SHVSHFLPHQVZDV17KLVFDQEHXVHGDVWKHUHIHUHQFHWRHYDOXDWH
WKHLQIOXHQFHRIWKLFNOD\HUSRO\PHUL]DWLRQRQPHFKDQLFDOVWUHQJWK7\SHVSHFLPHQVH[KLELWHGVLPLODU
UHVXOWVDVW\SHZLWKRQO\DVPDOOUHGXFWLRQLQORDGDWIDLOXUHRI1)RUW\SHVDPSOHVWKHWHQVLOH
ORDGUHGXFHGWR1DGHFUHDVHRIDERXWFRPSDUHGZLWKWKDWRIW\SHDQG7KHVHUHVXOWV
FRQILUPHGWKHILQGLQJVIURPWKHIUDFWXUHPRGHLQYHVWLJDWLRQ$FFRUGLQJWRWKHIUDFWXUHPRGHVDQGSHHO
ORDGV WKH SRO\PHUL]DWLRQ WKLFNQHVV VKRXOG EH PLQLPLVHG DV WKH ERQGLQJ VWUHQJWK UHGXFHV DV OD\HU
WKLFNQHVVLQFUHDVHV
Page 11 of 22 AUTHOR SUBMITTED MANUSCRIPT - JMM-102275.R1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

)LJXUH7HQVLOHIDLOXUHORDGVRIWKUHHW\SHVRIVSHFLPHQV
3.2. Topology of conductive traces and pillars 
$FFXUDWHFRQWURORIWKHOLQHZLGWKRIWKHFRQGXFWRULVNH\IRUDFKLHYLQJKLJKLQWHJULW\RIWKHHOHFWURQLF
V\VWHPV 0RUHRYHU WKH JHRPHWU\ GHWHUPLQHV WKH UHVLVWDQFH RI SULQWHG FRQGXFWRUV UHJDUGOHVV RI WKH
HOHFWULFDOUHVLVWLYLW\RIWKHFRQGXFWRUPDWHULDO)RUWKHSLOODUVGXHWRWKHUKHRORJ\RI(&$VVOXPSLQJ
PLJKWKDSSHQGXULQJWKHOD\HUE\OD\HUGLVSHQVLQJ7KXVWKHILQDO'SURILOHVRIWKHFRQGXFWRUVDQG
SLOODUVQHHGWREHDQDO\VHG7KURXJKDFFXUDWHWRSRORJ\PHDVXUHPHQWWKHHIIHFWVRIFXULQJFRQGLWLRQV
RQ WKH PRUSKRORJ\ RI GLVSHQVHG FRQGXFWRUV FDQ EH H[SORUHG 7KUHH GLIIHUHQW FXULQJ UHJLPHV ZHUH
VHOHFWHGLQDFFRUGDQFHZLWKSURGXFWGDWDVKHHWVKRXUDW&KRXUVDW&DQGKRXUVDW&
(DFK FXULQJ UHJLPHZDV DSSOLHG WR WHVW VDPSOHVEHIRUH DQ$OLFRQD ,QILQLWH)RFXV*IQRQFRQWDFW
IRFXVYDULDWLRQPLFURVFRS\V\VWHPZDVHPSOR\HGWRREWDLQSURILOHGDWDRIWKHFRQGXFWLYHWUDFHVDQG
SLOODUV
7KHGLVSHQVLQJQR]]OHXVHGLQWKLVZRUNZDVDVWDLQOHVVKLJKSUHFLVLRQQR]]OHZLWKWKH,'RIP
ZLWKWKHSULQWJDSNHSWDWDYDOXHHTXDOWRWKH,'7KURXJKV\VWHPDWLFWHVWLQJWKHRSWLPDOH[WUXVLRQ
SUHVVXUHDFTXLUHGZDVN3DIRUPDWHULDO(-DQGN3DIRUPDWHULDO(3)&ZKHUHWKHSULQW
VSHHGZDVPPVIRUERWKPDWHULDOV$OWKRXJKWKHYLVFRVLW\UDQJHVRIERWK(&$VDUHVLPLODUDFFRUGLQJ
WRWKHWHFKQLFGDWDVKHHWVIURPPDQXIDFWXUHUWDEOHWKHODWWHUDSSHDUHGWREHPRUHYLVFRXVLQSUDFWLFDO
GLVSHQVLQJUHTXLULQJDGLVSHQVLQJSUHVVXUHDSSUR[LPDWHO\WLPHVKLJKHUWKDQWKHIRUPHU
$[REMHFWLYHOHQVZDVXVHGWRREWDLQWKHSURILOHVRIFRQGXFWLYHWUDFHV)RUHDFKFXULQJFRQGLWLRQDQG
HDFKW\SHRIVLOYHU(&$ILYHWUDFHVZHUHSUHSDUHGIRUHDFKVHWRISDUDPHWHUVPHQWLRQHGSUHYLRXVO\DQG
WKUHHVFDQQLQJDUHDVZHUHWDNHQUDQGRPO\DORQJWKHFHQWUDOOLQHRIHDFKWUDFHWRREWDLQWKHDYHUDJHOLQH
ZLGWK DQG KHLJKW 6LPLODUO\ IRU WKH SLOODUV ILYH VWUXFWXUHV ZHUH SULQWHG IRU HDFK FRPELQDWLRQ RI
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SDUDPHWHUVDQGD[REMHFWOHQVZDVXVHGWRVFDQWKHLUSURILOHV7KHSHDNKHLJKWDQGEDVHGLDPHWHURI
HDFKSLOODUFRXOGWKHQEHH[WUDFWHGIURPWKHSURILOHGDWD
)RUERWK(&$VQRREYLRXVGLIIHUHQFHVEHIRUHDQGDIWHU FXULQJZHUH IRXQG LQ WKHSURILOHGDWD7KH
UHSUHVHQWDWLYHSURILOHVRI(-DQG(3)&ZHUHVKRZQLQILJXUH(3)&H[KLELWHGDPRUH
UHJXODU VHPLFLUFXODUSURILOHZLWK VPRRWKVXUIDFH ILQLVK WKDQ(-DQG LWVDYHUDJH OLQHZLGWKDQG
KHLJKW ZHUH DSSUR[LPDWHO\  P DQG  P UHVSHFWLYHO\ ZKLOH IRU (- WKHVH YDOXHV ZHUH
DSSUR[LPDWHO\PDQGP7KLVFRXOGEHDWWULEXWHGWR WKHKLJKHUYLVFRVLW\RI(3)&
OLPLWLQJWKHVOXPSLQJRIWKHVLOYHUSDVWHDQGEHWWHUPDLQWDLQLQJWKHRULJLQDOVKDSHRIWKHSULQWHGWUDFHV

)LJXUH3URILOHGDWDRIFRQGXFWLYHWUDFNVSULQWHGLQD(3)&DQGE(-&RQGXFWLYHHSR[LHVDQG
WKHUPDOO\FXUHGDW&IRUKRXUV
6LPLODUUHVXOWVZHUHDOVRREVHUYHGLQSLOODUSULQWLQJDWWKHVDPHPPVSULQWVSHHGILJXUH7KHKLJKHU
YLVFRVLW\(DOORZHGEHWWHUVXSSRUWDQGVKDSHPDLQWHQDQFHDQGWKXVGLVSHQVHGOD\HUVFRXOGEH
SULQWHGFRQFXUUHQWO\RQHRQWRSRIWKHRWKHU$Q\IXUWKHULQFUHDVHLQQXPEHURIGLVSHQVHGOD\HUVVWDUWHG
WRFDXVHGLVWRUWLRQRUFROODSVLQJRIWKHSLOODU)RUWKHGHVLJQRIPPVLGHZLGWKVTXDUHKHOL[WKH
PD[LPXPKHLJKWDFKLHYHGZDVPPZLWKDEDVHZLGWKRIPPFUHDWLQJDIHDWXUHZLWKDQDVSHFW
UDWLRRIDERXW,QFRPSDULVRQ(-FRXOGRQO\SURGXFHDPPKLJKPPZLGHSLOODUZLWKDQ
DVSHFWUDWLRRIYLDOD\HUVRIGLVSHQVLQJ
%DVHGRQWKHSURILOHUHVXOWVRIFRQGXFWLYHWUDFHVDQGSLOODUVLWZDVIRXQGWKDWWKHYLVFRVLW\SOD\HGD
YLWDOUROHLQFLUFXLWU\GLVSHQVLQJHVSHFLDOO\ZKHQWU\LQJWRSUHFLVHO\FRQWUROWKHVL]HRIWKHVHVWUXFWXUHV
+LJKHUYLVFRVLW\FRQGXFWLYHPDWHULDOVOLPLWHGWKHVKDSHGHIRUPDWLRQGXHWRWKHVOXPSDQGDLGHGLQWKH
UHDOLVDWLRQRIWKLQQHUWUDFHVDQGKLJKHUDVSHFWUDWLRSLOODUV7KHVHSURSHUWLHVHQDEOHWKHHOLPLQDWLRQRI
VKRUW FRQQHFWLRQV LQ WKH FLUFXLW DQG PRUH LPSRUWDQWO\ WKH PLQLDWXUL]DWLRQ RI WKH VL]H RI WKH ZKROH
Page 13 of 22 AUTHOR SUBMITTED MANUSCRIPT - JMM-102275.R1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
HOHFWURQLF V\VWHP FRQVLGHUHG D PDMRU DGYDQWDJH LQ WKH HOHFWURQLF LQGXVWU\ LQ RUGHU WR LQFUHDVH
IXQFWLRQDOLW\DQGSURGXFHVPDOOHUPRUHSRUWDEOHGHYLFHV

)LJXUH3URILOHGDWDRISLOODUVSULQWHGLQD(3)&DQGE(-FRQGXFWLYHHSR[LHVDQGFXUHGDW&
IRUKRXUV
7KHFURVVVHFWLRQVRIWKHSLOODUVSULQWHGLQ(3)&DQG(-DUHVKRZQLQILJXUH9RLGVZHUHREVHUYHGLQ
WKHSLOODUVPDGHRIERWKFRQGXFWLYHHSR[LHV7KH\ZHUHSUREDEO\FDXVHGE\WKHDLUWKDWZDVHQFDSVXODWHGHLWKHU
LQ WKHHSR[\SUHSDUDWLRQPL[LQJUHVLQZLWKKDUGHQHUPDQXDOO\RUGXULQJ WKHVTXDUHKHOL[SLOODUSULQWLQJ)RU
(- GXH WR LWV ORZHU YLVFRVLW\ WKH HQFDSVXODWHG DLU EXEEOHV FRXOG HVFDSH PXFK PRUH HDVLO\ 7KHUHIRUH
FRPSDUHGZLWK(3)&SLOODUVWKHYRLGVLQ(-SLOODUVDUHPXFKVPDOOHUDQGOHVVDEXQGDQW7RDFKLHYH
VROLGSLOODUVVRPHGHJDVVLQJWHFKQLTXHVVXFKDVYDFXXPGHJDVVLQJFRXOGEHDSSOLHGLQWKHIDEULFDWLRQSURFHVV
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 
)LJXUH&URVVVHFWLRQRISLOODUVSULQWHGLQD(3)&DQGE(-FRQGXFWLYHHSR[LHVDQGFXUHGDW
&IRUKRXUV

3.3. Resistivity of conductive traces 
7R LGHQWLI\ WKHHIIHFWVRI FXULQJFRQGLWLRQVDQG'/36/HPEHGGLQJRQ WKH IXQFWLRQDOLW\RISULQWHG
FRQGXFWRUV WKH UHVLVWLYLW\ RI WKH SULQWHG FRQGXFWRUV FXUHG XQGHU WKUHH GLIIHUHQW FRQGLWLRQV ZDV
LQYHVWLJDWHGERWKEHIRUHDQGDIWHU6/HPEHGGLQJ
)RXUSRLQW SUREH PHDVXUHPHQWV ZHUH WDNHQ WR PHDVXUH WKH HOHFWULFDO UHVLVWDQFH RI WKH SULQWHG
FRQGXFWRUVXVLQJD.HLWKOH\0LFURRKPPHWHU.HLWKOH\,QVWUXPHQWV,QF2KLR86$$FFRUGLQJ
WR2KP¶VODZWKHUHVLVWDQFHRIWKHZKROHFRQGXFWRU5ȍZDVFDOFXODWHGXVLQJWKHIROORZLQJHTXDWLRQ

:KHUHȡȍFPLVWKHUHVLVWLYLW\/FPLVWKHOHQJWKRIWKHFRQGXFWRUDQG$FPLVFURVVVHFWLRQ
DUHD RI WKH FRQGXFWRU 7KH UHVLVWDQFH RI WKH LQGLYLGXDOO\ VFDQQHG VHFWLRQV 5¶ ȍ FDQ WKHUHIRUH EH
GHVFULEHGXVLQJWKHIROORZLQJHTXDWLRQLQZKLFKWKH\DUHH[SUHVVHGDVDUDWLRRIWKHVHFWLRQVOHQJWK/¶
FPWRWKHWRWDOOHQJWKRIWKHFRQGXFWRU/FPFPLQWKLVFDVHPXOWLSOLHGE\WKHWRWDOUHVLVWDQFH5
ȍ

7KH$OLFRQDVFDQQLQJILOHFRQVLVWHGRIDPDWUL[RIGDWDSRLQWVZLWKWKUHHGLPHQVLRQDOFRRUGLQDWHYDOXHV
DQGWKXVDVHULHVRIFURVVVHFWLRQDOSURILOHVRIWKHFRQGXFWRUFRXOGEHH[WUDFWHGIURPWKHILOHILJXUH
$0$7/$%SURJUDPPHEDVHGRQWKHUDQGRPVDPSOHFRQVHQVXV5$16$&>@ZDVJHQHUDWHGWR
H[WUDFWFURVVVHFWLRQSURILOHVDQGFDOFXODWH WKHDYHUDJHFURVVVHFWLRQDODUHDVRI WKHVFDQQHGVHFWLRQV
ILJXUHD'XULQJWKHSURFHVVLQJWKH5$16$&SURJUDPPHZDVDSSOLHGWRWKHVXEVWUDWHSRUWLRQVRI
WKHVFDQQHGSURILOHILJXUHEDQGILWWHGZLWKDVWUDLJKWOLQHWKURXJKWKHFURVVVHFWLRQ7KHILWWLQJOLQH
WRJHWKHUZLWKWKHGDWDVHWZDVKRUL]RQWDOO\OHYHOOHGWRDUHIHUHQFHSODQHLQRUGHUWRFRPSHQVDWHIRUDQ\
A
LR U 
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VORSH RI WKH VXEVWUDWH GXULQJ $OLFRQD PHDVXUHPHQW ILJXUH E 7KH FURVVVHFWLRQDO DUHD RI WKH
FRQGXFWLYHWUDFHZDVWKHQGHWHUPLQHGE\WKHUHJLRQEHWZHHQWKHFRQGXFWRUSRUWLRQRIWKHSURILOHDQG
WKHKRUL]RQWDOD[LV
)LJXUH  6FKHPDWLF GLDJUDP RI 5$16$& PHWKRG IRU REWDLQLQJ WKH FURVVVHFWLRQDO DUHDV RI WKH VFDQQHG
FRQGXFWRU
7KHUHIRUHWKHDYHUDJHFURVVVHFWLRQDUHD$DFPFRXOGEHFDOFXODWHGYLDWKH0$7/$%SURJUDPPH
DV

ZKHUH$LFPLVWKHFURVVVHFWLRQDUHDRIHDFKSURILOHDQGQLVWKHTXDQWLW\RISURILOHVLQRQHVFDQQHG
VHFWLRQ:LWK(TDQGWKHUHVLVWLYLW\RISULQWHGFRQGXFWRUFRXOGEHFDOFXODWHGDV

)RUHDFKFXULQJFRQGLWLRQILYHFRQGXFWRUVZHUHSULQWHGRQ6/VXEVWUDWHVZLWKDP,'QR]]OHIRU
ERWK(3)&DQG(-(&$V:LWK WKHSURILOHGDWD IURP$OLFRQD VFDQQLQJ WKH0$7/$%
SURJUDPPHEDVHGRQ5$16$&PHWKRGREWDLQHGWKHDYHUDJHFURVVVHFWLRQDUHDRIWKHFRQGXFWRUV)RXU
SRLQWSUREHPHDVXUHPHQWVZHUHSHUIRUPHGEHIRUHDQGDIWHU6/HPEHGGLQJPPZDVFKRVHQDVWKH
HPEHGGLQJOD\HUWKLFNQHVVEHFDXVHLWZDVWKLFNHQRXJKWRIXOO\HPEHGWKH60'FRPSRQHQWVXVHGLQ
WKLVZRUN60'FRPSRQHQWVDQGWKLQVKULQNVPDOORXWOLQHSDFNDJHG76623FKLSV7KHDYHUDJH
UHVLVWLYLW\EHIRUHDQGDIWHU6/HPEHGGLQJZDVFDOFXODWHGYLD(TDQGWKHQSORWWHGLQILJXUH$VWKH
FXULQJ WHPSHUDWXUH LQFUHDVHG WKH UHVLVWLYLW\ RI (3)& FRQGXFWRUV UHGXFHG VLJQLILFDQWO\ IURP
DURXQGîȍāFPFXUHGDW&WRDURXQGîȍāFPFXUHGDW&7KHVDPHWHQGHQF\
ZDVDOVRREVHUYHGLQ(-FRQGXFWRUVWKDWVKRZDUHVLVWLYLW\GHFUHDVHIURPDERXWîȍāFP
FXUHGDW&WRDERXWîȍāFPFXUHGDW&:LWKLQFUHDVHGFXULQJWHPSHUDWXUHWKH
FXULQJWLPHIRUERWK(&$VZDVDOVRVLJQLILFDQWO\VKRUWHQHGIURPKRXUVWRKRXU:KHQWKHFXULQJ
WHPSHUDWXUHZDVKLJKHUWKDQ&WKHUHZDVQHDUO\QRREYLRXVGLIIHUHQFHRIWKHUHVLVWLYLW\IRUERWK
(&$VEHIRUHDQGDIWHU6/HPEHGGLQJ7KXVLWFRXOGEHFRQFOXGHGWKDWZKHQWKHFXULQJFRQGLWLRQLV
VXIILFLHQWWKH(&$VXVHGLQWKLVZRUNDUHFRPSDWLEOHZLWKWKH'/36/HPEHGGLQJSURFHVV&IRU
KRXUVSURGXFHGQHDUO\LGHQWLFDOUHVLVWLYLW\IRUERWK(&$VZKHUHDVDW&IRUKRXU(-VKRZHG
DORZHUUHVLVWLYLW\RIaîȍāFPFRPSDUHGZLWKaîȍāFPRI(3)&7KLVLVSUREDEO\
¦
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GXHWRWKHODUJHUVLOYHUSDUWLFOHVORDGHGLQ(-7DEOH7KHVHKDYHDODUJHUVXUIDFHDUHDDQG
FRXOGWKHUHIRUHIRUPPRUHVXUIDFHFRQWDFWDQGDVDUHVXOWPRUHFRQGXFWLYHSDWKZD\VLQWKHFRQGXFWRUV
UHGXFLQJUHVLVWDQFH>@
)LJXUH7KHDYHUDJHUHVLVWLYLW\RI(3)&DQG(-(&$VEHIRUHDQGDIWHU'/36/HPEHGGLQJXQGHU
WKUHHGLIIHUHQWFXULQJFRQGLWLRQV

'HPRQVWUDWRUV
4.1. Working principle 
$SRO\PHUS\UDPLGHPEHGGHGZLWKDWULSOHOD\HUWLPHUEDVHGEOLQNLQJ/('FLUFXLWZDVIDEULFDWHG
DV D GHPRQVWUDWRU 7KH FLUFXLWU\ LQFOXGHV DQ SLQ 76623  WLPHU DQG ILYH 60' HOHFWURQLF
FRPSRQHQWVWKUHHUHVLVWRUVRQHFDSDFLWRURQH/('DVVKRZQLQILJXUH

)LJXUH&LUFXLWGLDJUDPRIWKHWLPHUEDVHGEOLQNLQJ/('FLUFXLW
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7KHRUHWLFDOO\WKHIUHTXHQF\RIWKHDVWDEOHFLUFXLWLVGHSHQGHQWXSRQWKHYDOXHRI55DQG&DQGFDQ
EHFDOFXODWHGDVWKHHTXDWLRQEHORZ

ZKHUHI+]LVWKHIUHTXHQF\RIWKHEOLQNLQJFLUFXLW,QWKLVFDVHWKHYDOXHRI55DQG&DUHNȍ
NȍDQG)UHVSHFWLYHO\DQGDVDUHVXOWWKHIUHTXHQF\RIWKHFLUFXLWDFFRUGLQJWR(TLV+]
5LVDNȍUHVLVWRUXVHGWROLPLWWKHFXUUHQWWKURXJKWKH/('
4.2. Design and fabrication 
7KH GHVLJQ DQG WKH IDEULFDWLRQ VWHSV DUH VKRZQ LQ ILJXUH  7KH S\UDPLG GHPRQVWUDWRU KDV EDVH
GLPHQVLRQVDQGKHLJKWRIPPîPPDQGPPUHVSHFWLYHO\7KHWLPHUFLUFXLWLVVHSDUDWHG
LQWR WKUHH OD\HUV FRQQHFWHG YLD YHUWLFDO SLOODUV 7KH VXEVWUDWH ZDV PDGH E\ WKH 6/ SURFHVV DQG DQ
H[WHULRUZDOOSURYLGHVWKHH[WHUQDOJHRPHWU\DQGFRQWDLQVWKHHPEHGGHGOD\HURIHOHFWURQLFVWKDWZDV
DOVREXLOWLQWKLVVWHS7KHH[WHULRUZDOOZDVIDEULFDWHGWKURXJKVWDQGDUG'/36/IDEULFDWLRQSURFHVV
ZLWKWKHSRO\PHUL]DWLRQOD\HUWKLFNQHVVRIPVRWKHFRPSOH[GHWDLOVRIH[WHUQDOJHRPHWU\FRXOG
EHPDLQWDLQHG7KHQWKHILUVWOD\HURIFLUFXLWU\LQFOXGLQJWKUHHYHUWLFDOSLOODUVZDVGLVSHQVHGDQG5
5DQG76623WLPHUFKLSZHUHPRXQWHGRQWKHSULQWHGSDGV7KHRYHUDOOGLPHQVLRQRIWKHSULQWHG
FLUFXLWU\ZDVRQO\PPîPP7KHZKROHVWUXFWXUHZDVFXUHGLQDWKHUPDORYHQ:1/HQWRQ
)XUQDFHV	2YHQV6XEVHTXHQWO\WKHILUVWOD\HURIFLUFXLWU\ZDVHPEHGGHGDQGWKHH[WHULRUZDOORIWKH
VHFRQGOD\HUZDVVLPXOWDQHRXVO\IDEULFDWHG$IWHUUHSHDWLQJWKLVSURFHVVFKDLQDWKLUGWLPHDQGDGGLQJ
WKH DSH[ JHRPHWU\ WKH S\UDPLG VWUXFWXUH HPEHGGHG ZLWK WKUHHOD\HU FLUFXLWU\ ZDV VXFFHVVIXOO\
FRPSOHWHG

)LJXUH([SORGHGVFKHPDWLFVKRZLQJWKHS\UDPLGGHPRQVWUDWRU
  

RRC
f  
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7KHGLPHQVLRQVRI WKH HOHFWURQLF FRPSRQHQWVXVHG LQ WKLVZRUN DUH VWDWHG LQ WDEOH 7KH WKLFNHVW
FRPSRQHQWXVHGLQWKLVGHPRQVWUDWRULVD76623WLPHUFKLSZLWKDKHLJKWRIPP$FFRUGLQJO\
DWKLFNQHVVRIFLUFXLW\HPEHGGLQJOD\HUZDVVHWWRPPWRIXOO\HQFDSVXODWHDOOWKHFRPSRQHQWV7KH
SRO\PHUL]DWLRQWLPHIRUVXFKOD\HUZDVVREWDLQHGYLDV\VWHPDWLFWHVWLQJ(-ZDVFKRVHQDV
WKHFRQGXFWLYHPDWHULDOIRUFLUFXLWU\GLVSHQVLQJGXHWRLWVKLJKHUHOHFWULFDOFRQGXFWLYLW\FRPSDUHGZLWK
($OWKRXJKWKHORZHUYLVFRVLW\RI(-FDXVHGVRPHVOXPSRIWKHSULQWHGVWUXFWXUHVLWZDVVWLOO
YLVFRXVHQRXJKWRSURGXFHDFOHDUFLUFXLWOD\RXWIRUWKHGHPRQVWUDWRUVDQGWKHYHUWLFDOSLOODUVZLWKD
KHLJKWRIDURXQGPP7KHQR]]OHXVHGLQGLVSHQVLQJZDVDP,'VWDLQOHVVVWHHOQR]]OHDQG
WKHSULQWSDUDPHWHUVZHUHPSULQWJDSN3DH[WUXVLRQSUHVVXUHDQGPPVSULQWVSHHG
7DEOH7KHGLPHQVLRQVRIWKH60'FRPSRQHQWVXVHGLQWKHGHPRQVWUDWRU
 76623WLPHU /(' 607FDSDFLWRU 607UHVLVWRU
/HQJWK>PP@    
:LGWK>PP@    
+HLJKW>PP@    

4.3. Finished samples 
7KH ILQLVKHGGHPRQVWUDWRU VKRZQ LQ ILJXUHGDQG WKHGHWDLOVRI DOO WKUHH OD\HUVRI HOHFWURQLFV DUH
LOOXVWUDWHGLQILJXUHDWRF:KHQD9SRZHUVRXUFHZDVDSSOLHGWKH/('EOLQNHGZLWKDIUHTXHQF\
RIa+]FORVHWRWKHFDOFXODWHGYDOXH


)LJXUH7KHIDEULFDWLRQVWHSVRIWKHS\UDPLGGHPRQVWUDWRU
&RPSDUHGZLWKFXUUHQWO\XVHGK\EULG$0WHFKQRORJLHVWKLVWHFKQRORJ\FRXOGSURYLGHPRUHUHOLDEOH
HOHFWULFDOFRQQHFWLRQVZLWKKLJKFRQGXFWLYLW\VLQFHWKHYHUWLFDOSLOODUVDQGWKHSULQWHGFLUFXLW\ZHUHIXOO\
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FXUHGEHIRUH6/HPEHGGLQJ0RUHRYHUWKHSULQWHGFLUFXLWU\DQGSLOODUVZHUHWRWDOO\HPEHGGHGZLWKLQ
WKHSRO\PHUPDWUL[SURWHFWLQJWKHYXOQHUDEOHHOHFWULFDOVWUXFWXUHIURPWKHH[WHUQDOHQYLURQPHQW
&RQFOXVLRQ
7KLVZRUNSUHVHQWVDQRYHOK\EULGDGGLWLYHPDQXIDFWXULQJWHFKQRORJ\FRPELQLQJ'/36/SURFHVVDQG
GLVSHQVLQJ SURFHVV DORQJVLGH FRQYHQWLRQDO VXUIDFH PRXQW SDFNDJLQJ IRU WKH IDEULFDWLRQ RI FRPSOH[
PXOWLOD\HU'HOHFWURQLFV\VWHPV7KLVPHWKRGDOORZVWKHFRVWHIIHFWLYHSURGXFWLRQRIEHVSRNHVHQVRU
V\VWHPVDQGHOHFWURQLFVIRUDUDQJHRILQGXVWULHVVXFKDVPHGLFDODXWRPRWLYHDHURVSDFHDQGLQGXVWULDO
V\VWHPV
$³ERWWRPXS´'/36/V\VWHPZDVHPSOR\HGWRIDEULFDWHDSRO\PHUPDWUL[DQGGLUHFWO\HPEHGWKH
SULQWHGFLUFXLWU\DQGHOHFWURQLFFRPSRQHQWVZLWKLQDWKLFNSRO\PHUOD\HU7HQVLOHWHVWLQJIRXQGWKDWWKH
ERQGLQJVWUHQJWKRIWKHWKLFNHPEHGGLQJOD\HUUHGXFHGDVWKHOD\HUWKLFNQHVVLQFUHDVHG$WDYDOXHRI
PPWKHWHQVLOHVWUHQJWKEHWZHHQSRO\PHULVHGOD\HUVZDVPDLQWDLQHGDQGFORVHWRWKHWHQVLOHORDGRI
WKHVDPSOHVPDGHZLWKVWDQGDUGSRO\PHUL]DWLRQOD\HUWKLFNQHVVPP1
$GLVSHQVLQJSURFHVVZDVXVHGWRSULQWHOHFWULFDOFRQGXFWRUVDQGLQWHUFRQQHFWV,QQRYDWLYHIUHHVWDQGLQJ
FRQGXFWLYHSLOODUVZHUHFUHDWHGWRSURYLGHWKURXJKOD\HUHOHFWULFDOFRQQHFWLRQVLQWKHVDPHVWDJH$IWHU
VXUIDFHPRXQWDVVHPEO\RIHOHFWURQLFFRPSRQHQWVWKHSULQWHGFLUFXLWU\ZDVWKHUPDOO\FXUHGDQGWKHQ
IXOO\HPEHGGHGZLWKLQWKHSRO\PHUPDWUL[7ZRORZFXULQJWHPSHUDWXUH(&$V(3)&DQG(-
ZHUHWHVWHGGXULQJH[SHULPHQWDWLRQ:KHQWKHFXULQJWHPSHUDWXUHZDVKLJKHUWKDQÛ&ERWK(&$V
GLVSOD\HGKLJKHOHFWULFDOFRQGXFWLYLW\H[FHHGLQJWKHYDOXHVRQWKHLUGDWDVKHHWVDQGQRQHJDWLYHHIIHFW
RI6/HPEHGGLQJRQWKHFRQGXFWLYLW\ZDVREVHUYHG
$ S\UDPLG HPEHGGHG ZLWK WKUHHOD\HU /('EOLQNLQJ FLUFXLWU\ZDV VXFFHVVIXOO\ IDEULFDWHG DV D
GHPRQVWUDWRU SURYLQJ WKH IHDVLELOLW\ RI WKH K\EULG $0 WHFKQRORJ\ )RU '/3 6/ SURFHVV WKH ;<
UHVROXWLRQFDQEHLPSURYHGWRP>@DQGP,'QR]]OHLVQRZDYDLODEOHLQPDUNHWIRUGLVSHQVLQJ
SURFHVV7KLVWHFKQRORJ\FRXOGWKHUHIRUHEHXVHGWRIDEULFDWH'FXVWRPL]HGPLFURHOHFWURQLFV\VWHPV
ZLWKKLJKO\FRPSOH[LQWHUQDODQGH[WHUQDOJHRPHWULHV

$FNQRZOHGJHPHQWV
7KLV ZRUN LV IXQGHG E\ WKH 8. (QJLQHHULQJ DQG 3K\VLFDO 6FLHQFHV 5HVHDUFK &RXQFLO XQGHU JUDQWV
(3/(3/(3/DQG(3/
5HIHUHQFHV
>@ .KDQGSXU56Printed Circuit Boards Design, Fabrication, Assembly and Testing
>@ 2¶'RQQHOO-$KPDGNKDQORX)<RRQ+6DQG:DVKLQJWRQ*$OOSULQWHGVPDUWVWUXFWXUHVDYLDEOHRSWLRQ"SPIE Smart 
Structures and Materials Nondestructive Evaluation and Health MonitoringYROHG:+/LDRS
>@ %HFN-(3ULQ])%6LHZLRUHN'3DQG:HLVV/0DQXIDFWXULQJ0HFKDWURQLFV8VLQJ7KHUPDO6SUD\6KDSH'HSRVLWLRQSolid 
Freeform Fabrication SymposiumSS±
>@ &KDP-3UXLWW%&XWNRVN\05%LQQDUG0:HLVV/(DQG1HSORWQLN*/D\HUHGPDQXIDFWXULQJZLWKHPEHGGHG
FRPSRQHQWVSURFHVVSODQQLQJFRQVLGHUDWLRQVProc. DETC99 1999 ASME Des. Eng. Tech. Conf.±
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>@ :HLVV/(3ULQ])%1HSORWQLN*3DGPDQDEKDQ36FKXOW]/DQG0HU]56KDSHGHSRVLWLRQPDQXIDFWXULQJRIZHDUDEOH
FRPSXWHUVProceedings of the 1996 Solid Freeform Fabrication SymposiumSS±
>@ :HLVV/(0HU]53ULQ])%1HSORWQLN*3DGPDQDEKDQ36FKXOW]/DQG5DPDVZDPL.6KDSHGHSRVLWLRQPDQXIDFWXULQJ
RIKHWHURJHQHRXVVWUXFWXUHVJ. Manuf. Syst.±
>@ .DWDULD$5RVHQ':.DWDULD$DQG5RVHQ':%XLOGLQJDURXQGLQVHUWVPHWKRGVIRUIDEULFDWLQJFRPSOH[GHYLFHVLQ
VWHUHROLWKRJUDSK\Rapid Prototyp. J.±
>@ &DVWLOOR60XVH'0HGLQD)0DFGRQDOG(DQG:LFNHU5(OHFWURQLFV,QWHJUDWLRQLQ&RQIRUPDO6XEVWUDWHV)DEULFDWHGZLWK
$GGLWLYH/D\HUHG0DQXIDFWXULQJProceedings of the 20th Annual Solid Freeform Fabrication SymposiumSS±
>@ 'H1DYD(1DYDUUHWH0/RSHV$$ODZQHK0&RQWUHUDV00XVH'&DVWLOOR60DFGRQDOG(DQG:LFNHU57KUHH
'LPHQVLRQDO2II$[LV&RPSRQHQW3ODFHPHQWDQG5RXWLQJIRU(OHFWURQLFV,QWHJUDWLRQXVLQJ6ROLG)UHHIRUP)DEULFDWLRQ
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